We investigate forced liquid flows through open capillary channels with free surfaces experimentally.
For that reason the surface curvature increases in the flow direction and the flow path becomes smaller. Since the free surface can only withstand a certain differential pressure, the flow rate in the channel is limited to a certain value. The maximum rate is achieved when the surfaces collapse at the end of the capillary channel and gas ingestion occurs at the channel outlet. The aim of the investigations is to determine the maximum flow rate and the corresponding critical velocities.
THEORETICAL APPROACH
For the analysis we assume a one-dim, ensional flow along the channel axis x characterized by the mean velocity v and the liquid pressure p (see Fig.   1 ). The origin of the coordinate system is located in the center of the cross section at the channel inlet.
The basic equations to be solved are the momentum equation dp + pvdv + dwf = 0 (1) and the equation of continuity
both given in differential form.
The term dwf of Eq. (1) considers the pressure losses due to friction and the change of velocity profile in the entrance region, p denotes the density of the liquid and A is the cross section of the flow path perpendicular to the longitudinal axis x. We neglect the hydrostatic pressure since the experiments were operated in an environment of low gravity of 10-4g -10-5g, with g°r epresenting the gravity acceleration on earth.
At first a relation between the liquid pressure and the position of the free surface z is derived. The liquid pressure p is related to the mean curvature H of the freesurface by the GAUSS-LAPLACE equation
Herein cr is the surface tension, R1 and R2 are the principal radii of curvature.
Since the ambient pressure Pa is constant the pressure gradient becomes dp = -2crdH.
In general, the mean curvature of the surface is calculated by 
k is the innermost line of the surface
in the plane of symmetry at y = 0, which was detected in the experiment.
The simplification of Eq.
(5) occurs since the derivative of z with respect to y vanishes along the innermost line 
With the definition of the volume flux Q from Eq.
(2)
the second term of Eq. (1) can be rewritten as Q_ pv dv = -p--_dA.
The pressure loss dwf in Eq.
(1) consists of two parts, the laminar viscous pressure loss and the additional entrance pressure loss, which is a result of the change of the velocity profile from the entrance profile to the parabolic velocity distribution (POISEUILLE flOW).
The pressure loss we apply is
Neglecting the factor kpe, Eq. (13) yields the laminar pressure loss for two parallel plates obtained from an exact solution of the NAVIER-STOKES"equation (White4).
Therein kpr = 96 is the friction factor, Dh = 2a the hydraulic diameter, and ReDh = Dhv/u is the REYNOLDS number.
The kinematic viscosity is denoted with v. The additional pressure loss due to the transformation of the entrance velocity profile to the laminar parabolic velocity distribution is taken into account by the factor kpe. This factor, which is not discussed in detail in this paper, was derived from an analytical relation of the entrance pressure loss in a channel of two parallel plates proposed by Sparrow et. al.5. kpe strongly depends of the position along the x-axis and vanishes if the entrance length is reached.
Substituting
Eq. (1) by Eq. (4), Eq. (12) and
Eq. (13) the final differential equation for the change of pressure along the channel axis
is obtained.
To get the dimensionless form the lengths are scaled by the hydraulic diameter Dh and the channel width b. The liquid velocity is scaled by the characteristic velocity v0 = 2v_PDh, which is known from the capillary imbibition of liquid in a channel of two parallel plates. As shown by Dreyer 6 this velocity cannot be exceeded.
With
15)
The dimensionless parameters are the OHNESORGE number Oh = #/v//)'-_and the aspect ratio A = b/a occurring in the non-dimensional relation of the cross section A" = g2(R').
Eq. (15) has to be solved numerically taking into account the boundary conditions which are
the position of the surface at the inlet and outlet of the channel Eq. (16) and the surface curvature at the channel inlet Eq. (17). The numerical solution yields the position of the liquid surface
Eq. (18) shows that the surface position depends on the adjusted volume flux Q'. For each set of A, Oh, and l" several model computations with different Q" are performed. We assume that the maximal volume flux is reached when the numerical integration diverges.
As the maximal theoretical volume flux Q_rit we define the maximal volume flux Q" leading to the convergence of the numerical algorithm. Obviously the following relations
arevalid. U£rit is the corresponding critical mean velocity Ucrit = Q_rit/Amin which occurs at the sntallest cross section Ami n of the liquid flow.
From another point of view we expect that the limitation of the flow rate occurs due to choking. 
where mm. This leads to the parameter field given by the combination 0.427.10 -3 _< Oh < 5.881-10 -a and 3 < A _< 10.
The experiment parameters are given in Table 1 and (23) and a different factor kp_. The calculations show a good agreement with the experiments with respect to the maximum volume flux and the predicted surface contour.
However, due to the transition from the self-driven capillary flow to the forced flow inertia effects occurred which made an exact approach of the critical value impossible. Furthermore, the established volume flux had to be kept constant since the short experimental time did not allow an increase of the volume flux. More details regarding the experiment setup and the results are discussed by Dreyer et. al. 1°.
To operate under longer pg-time an experiment module was flown on the sounding rocket TEXUS-37 providing a microgravity environment of I0 -4 g in all axis for approximately 6 minutes. The module was equipped with a pump system that allowed the increase of the volume flux in small steps (quasistatic approach) to minimize the transient inertia effects. vided the options to change the volume flux in 0.1 ml/s or 0.05 ml/s steps. At first the bigger step size for a rough approach was chosen to save experiment time. After the gas ingestion was observed the volume flux was decreased and a second approach was performed at small steps of volume flux. The typical observations, which are the same for the drop tower experiments, are shown in Fig. 5 and Fig. 6 . The camera view is perpendicular to the top plate. Since the plates are transparent the free surface appears as a dark contour, which corresponds to the distance h defined in Fig. 2 . Below the critical value of volume flux Qcrit (Q < Qcrit) the flow between the plates is stationary. The free surface is stable and the corresponding innermost line of the surface is constant in time, k = k(x).
For Q > Qcrit the surface collapses and gas ingestion occurs. The free surface becomes time-dependent, k = k(x,t).
The withdrawn total flux now is a superposition of the maximum liquid volume flux and an additional volume flux of gas.
Prior to the experiment, we performed threedimensional model computations using the finite element code FIDAP 11. The computations were necessary to optimize the flow conditions inside the liquid reservoir and the nozzle as well as to calculate the pressure loss caused by both components. With the knowledge of the pressure loss the pressure at the channel inlet and the related boundary condition from Eq. (17) (necessary to solve Eq. (15)) is defined. Both liquid surfaces in the compensation tube and in the channel are exposed to ambient pressure. For this reason the inlet pressure is determined by the ambient pressure minus the static capillary pressure of the liquid surface in the compensation tube and the dynamic flow losses, which 
was solved. The comparison with the surface contour data is shown as an example in Fig. 3 Using the relations Eq. (6) and Eq. (7) both velocities are determined.
Since the effect of choking is expected to appear at the location of minimum liquid pressure, the WEBER number was calculated at the smallest cross section Amin = A(kmi,) .
The analysis shows that with increasing volume flux the liquid velocity increases, but the characteristic wave speed decreases. Therefore, the WEBER number tends towards unity as the theory of choking predicts (Fig.  7) . At the maximum stable volume flux (Qb¢ = 9.1 ml/s) the corresponding WEBER number yields We = 0.86. Fig.  7 proach a one-dimensional momentum balance was set up, which yields the maximal volume flux and the position of the free surface k(x). Both the calculated volume flux and the surface position are in good agreement with the experimental data. Furthermore the experiment on board TEXUS-37 showed that the limitation of flow rate occurs due to choking indicated by the WEBER number.
Since the characteristic wave speed vc was derived from the general waves speed Eq. (21) the capillary open channel flow is analogous to MACH number and FROUDE number problems. For the entire understanding of the mechanism of flow rate limitation in open capillary channels the parameter field to be investigated must be expanded.
To keep the influence of inertia effects smaller the increments of volume flux have to be reduced leading to longer experimental times. In order to meet these requirements, this experiment has been tentatively selected as a definition-phase flight experiment for the ISS. 
